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CARBON DIOXIDE REMOVAL FROM 
WHOLE BLOOD BY PHOTOLYTIC 

ACTIVATION 

RELATED APPLICATIONS 

The present application is a continuation application of 
US. patent application Ser. No. 11/130,047, ?led May 16, 
2005 now US. Pat. No. 7,399,717; US. patent application 
Ser. No. 11/ 130,047 itself is a continuation-in-part applica 
tion ofU.S. patent application Ser. No. 10/485,455, ?led Sep. 
7, 2004, now US. Pat. No. 7,718,144, Which Was the national 
stage ?ling ofPCT/US02/24319, ?ledAug. 1, 2002, Which is 
a continuation of US. patent application Ser. No. 09/920,385, 
?ledAug. 1, 2001, now US. Pat. No. 6,866,755; a continua 
tion-in-part application of US. patent application Ser. No. 
10/485,476, ?led Jul. 26, 2004, now US. Pat. No. 7,498,275, 
Which Was the national stage ?ling of PCT/US02/24587, ?led 
Aug. 1, 2002, Which is a continuation of US. patent applica 
tion Ser. No. 09/920,385, ?led Aug. 1, 2001, now US. Pat. 
No. 6,866,755; and a continuation-in-part application of US. 
patent application Ser. No. 10/485,934, ?led Sep. 7, 2004, 
now US. Pat. No. 7,527,770, Which Was the national stage 
?ling of PCT/US02/24277, ?led Aug. 1, 2002 Which is a 
continuation of US. patent application Ser. No. 09/ 920,385, 
?ledAug. 1, 2001, now US. Pat. No. 6,866,755. The disclo 
sure of US. patent application Ser. No. 11/130,047 is hereby 
fully incorporated by reference. 

This application is also related to US. patent application 
Ser. No. 10/485,455, ?led Sep. 7, 2004; US. patent applica 
tion Ser. No. 10/485,476, ?led Jul. 26, 2004; and, Ser. No. 
10/485,934, ?led Sep. 7, 2004. The disclosures ofthose appli 
cations are also fully incorporated herein by reference. 

BACKGROUND 

The present disclosure, in various embodiments, is 
directed to a photolytic apparatus that utiliZes light energy to 
achieve physiological gas exchange in Whole blood, such as 
in the blood stream of a patient experiencing respiratory 
dif?culties, Whole blood utiliZed to transport organs, etc., and 
to a photolytic cell or module used for the same. The disclo 
sure ?nds particular applications in conjunction With the ?eld 
of arti?cial organs and the medical arts. HoWever, it is to be 
appreciated, that the embodiment disclosed herein Will also 
?nd applications in related ?elds due to the photo-electro 
chemical transformations involved therein. 

In this regard, despite major reduction in disease mortality 
experienced over the past several decades, the mortality asso 
ciated With chronic lung disease has continued to rise. This is 
largely due to a lack of emerging treatments, and inadequate 
technology for providing intermediate (“bridge” therapy) or 
long-term respiratory support. Numerous technical solutions 
have been proposed and implemented. Moreno-Cabral R J, 
Dembitsky W P, Adamson R M, Daily P O., Percutaneous 
extracorporeal membrane oxygenation. Adv Card Surg, 5: 
163-179, 1994; Funakubo A, Higami T, Sakuma I, Fukui Y, 
KaWamura T, Sato K, Sueoka A, Nose Y., Development of a 
membrane oxygenatorfor EXIWO using a novel?ne silicone 
hollow ?ber, ASAIO, 42: M837-840, 1996; Naganuma S, 
Nitta S, Yambe T, Kobayashi S, Tanaka M, Hashimoto H., 
Gas exchange e?iciency of a membrane oxygenator with use 
ofa vibrating?ow pump, ArtifOrgans, 19: 747-749, 1995; 
Yamane S, OhashiY, Sueoka A, Sato K, KuWana J, Nose Y., 
Development ofa silicone hollow?ber membrane oxygenator 
for ECMO application, ASAIO, 44: M384-387, 1998; Stam 
mers A H, Fristoe L W, Alonso A, Song Z, Galbraith T., 
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2 
Clinical evaluation ofa new generation membrane oxygen 
ator: a prospective randomized study, Perfusion, 13: 165 
175, 1998; KitanoY, Takata M, Miyasaka K, Sasaki N, Zhang 
Q, Liu D, TsuchidaY., Evaluation ofan extracorporeal mem 
brane oxygenation system using a nonporous membrane oxy 
genator and a new methodfor heparin coating, JPediatric 
Surgery, 32: 691-697, 1997; Sueda T, Fukunmaga S, Morita 
S, Sueshiro M, Hirai S, Okada K, Orihashi K, MatsuuraY., 
Development of an intravascular pumping oxygenator using 
a new silicone membrane, Artif Organs, 21: 75-78, 1997; 
Mortensen J D, Berry G., Conceptual and design features of 
apractical, clinically eM/fective intravenous mechanical blood 
oxygen/carbon dioxide exchange device (IVOX), Int J Artif 
Organs, 12: 384-389, 1989; and, Babley B, Bagley A, Henrie 
J, Fooerer C, Brohamer, J, Burkart J, Mortensen J D., Quan 
titative gas transfer into and out ofcirculating venous blood 
by means of an intra-vena caval Oxygenator, ASAIO Trans, 
37: M413-415, 1991. HoWever, none are believed, to this 
point, to provide su?icient yield, safety, and ease of use to 
support broad clinical deployment. 

Furthermore, numerous improvements in lung transplan 
tation have occurred due to advances in procurement, preser 
vation, and implantation. Stammers A H, Fristoe L W, Alonso 
A, Song Z, Galbraith T., Clinical evaluation of a new genera 
tion membrane oxygenator: a prospective randomized study, 
Perfusion, 13: 165-175, 1998; KitanoY, Takata M, Miyasaka 
K, Sasaki N, Zhang Q, Liu D, Tsuchida Y., Evaluation of an 
extracorporeal membrane oxygenation system using a non 
porous membrane oxygenator and a new method for heparin 
coating, JPediatric Surgery, 32: 691-697, 1997; Sueda T, 
Fukunmaga S, Morita S, Sueshiro M, Hirai S, Okada K, 
Orihashi K, Matsuura Y., Development of an intravascular 
pumping oxygenator using a new silicone membrane, Artif 
Organs, 21: 75-78, 1997; and, Mortensen J D, Berry G., 
Conceptual and design features of a practical, clinically 
efective intravenous mechanical blood oxygen/carbon diox 
ide exchange device (IVOX), Int JArtifOrgans, 12: 384-389, 
1989. HoWever, the large discrepancy betWeen the numbers 
of donors and recipients, the loW yield of usable lungs, and the 
absence of temporiZing methods for patients aWaiting trans 
plantation, make this option outside the reach of many 
patients. 

Prior arti?cial lung technologies have been based on the 
delivery to the bloodstream of oxygen gas via holloW ?bers, 
folloWed by back-and-forth diffusion across permeable mem 
branes. Golob J F, Federspiel W J, Merrill T L, FrankoWski B 
J, KitWak K, Russian H, Hattler B G., Acute in vivo testing of 
an intravascular respiratory support catheter, ASAIO J, 47: 
434-437, 2001; Federspiel W J, HeWitt T J, Hattler B G., 
Experimental evaluation ofa modelfor oxygen exchange in a 
pulsating intravascular arti?cial lung, Ann Biomed Eng, 28: 
160-167, 2000; and, SWischenberger J B, Anderson C M, 
Cook K E, Lick S D, Mockros L H, Bartlett R H., Develop 
ment of an implantable artificial lung: challenges and 
progress, ASAIO J. 47: 316-20, 2001. These systems are 
attractive since gas exchange, analogous to that of the normal 
lung, is reliant on diffusivity and differential gas pressure on 
opposite sides of the membrane to drive OZ/CO2 exchange. 
The principal Weakness, hoWever, of these systems is that 
they require the presence of major diffusion boundary layers, 
Which results in sloWed mass transport and the need for a large 
surface area to achieve su?icient ?ux of gases. In addition, 
these systems require a continuous source of exogenous pres 
suriZed 02 gas, generally via a tank or system of tanks. 
The present disclosure seeks to circumvent one or more of 

the limitations set forth above by considering the problem of 
intravascular oxygenation from a fundamentally different 
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perspective. Rather than delivering oxygen gas to the blood 
(or removing carbon dioxide against a back pressure of O2), 
the present disclosure uses photolytic energy to generate dis 
solved oxygen directly from the Water already present in the 
blood, thereby eliminating the need for exogenous gas deliv 
ery, gas or liquid selective diffusion boundary layers, and the 
requirement for operating at or near equilibrium (FIG. 1). 
This approach thus constitutes a direct mechanism by Which 
photolytically driven oxygenation of Whole blood can occur. 

It has previously been shoWn by Applicants that it is pos 
sible to generate dissolved oxygen directly from the Water 
content of synthetic serum, based on the interaction of UV 
light With a semi-conducting titanium dioxide thin ?lm. 
Dasse KA, MonZyk B F, Burckle E C, Busch J R, Gilbert R J ., 
Development of a photolytic arti?cial lung, Preliminary con 
cept validation, ASAIOJournal, 48:556-563, 2003. The opto 
electronic interaction of a metal chelate chromophores With 
transition metal oxides is believed to be the basis for the Well 
knoWn phenomenon in nature, the light-dependent oxygen 
generation occurring in photosynthetic (PS) organisms, 
cyanobacteria, and, higher plants and algae. Limburg J, Vret 
tos J S, Liable-Sands L M, Rheingold A L, Crabtree R H, 
Bredvig G W., A functional model of OiO bond formation by 
the OZ-evolving complex in photosystem II, Science, 283: 
1524-1527, 1999; Vrettos J S, Brudvig G W., Water oxidation 
chemistry of photosystem II, Philos Trans Royal Society of 
London B Biol Sci, 357: 1395-1404, 2002; Yachandra V K, 
DeRose V J, Latimer M J, Mukerji I, Sauer K, Klein M P., 
Where plants make oxygen: a structural model for the pho 
tosynthetic oxygen-evolving manganese cluster, Science, 
260: 675-679, 1993; and, Yachandra V K, Sauer K, Klein M 
P., Manganese cluster in photosynthesis: Where plants oxi 
dize water to dioxygen, Chem Rev, 96: 2927-2950, 1996. The 
proposed photolytic lung technology disclosed herein thus 
builds upon the knoWn ability of the metal oxide, the anatase 
form of titanium dioxide, TiO2, to serve both as the chro 
mophore and the charge separation center. FemandeZ-IbaneZ 
P, Blanco J, Malato S, de las Nieves F J., Application ofthe 
colloidal stability ofliO2 particlesfor recovery and reuse in 
solar photocatalysis, Water Res. 37(13):3180-8, 2003; 
Topoglidis E, Campbell C J, Palomares E, Durrant J R., 
Photoelectrochemical study of Zn cytochrome-c immobilized 
on a nanoporous metal oxide electrode, Chem Commun 

(Camb). 21; (14): 1518-9, 2002; Hagfeldt A, GratZel M., 
Molecular photovoltaics, Acc Chem. Res. 33(5):269-77, 
2000; and, Tsai P, We C T, Lee C S., Electrokinetic studies of 
inorganic coated capillaries, J Chromatography B Biomed 
Appl. 657(2):285-90, 1994. The present disclosure describes 
and provides for the generation of dissolved oxygen, and the 
resulting increase of oxyhemoglobin, via photolytic means, 
in Whole mammalian blood. 

BRIEF DESCRIPTION 

Disclosed herein, in various embodiments, is a process and 
apparatus for using photolytic energy to generate dissolved 
oxygen from Whole blood, thus providing an increase of 
oxyhemoglobin as a function of the metal oxide (i.e., TiO2) 
surface illumination. In one embodiment, the disclosure 
includes ?oWing mixed arterial-venous Whole blood in a 
recirculating loop in a device having a nanocrystalline metal 
oxide TiO2 thin ?lm. Following light exposure of the metal 
oxide or TiO2 ?lm only (While not exposing the blood to the 
light), the fraction of oxy-hemoglobin in the blood rapidly 
increases and remains substantially stable thereafter. The 
fraction of dissolved oxygen contained in the serum phase of 
the blood increases in a parallel manner With oxyhemoglobin 
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4 
as a result of light induction, indicating that near complete 
oxygenation of the blood’s hemoglobin content has been 
achieved. The present disclosure demonstrates that it is fea 
sible to photolytically oxygenate the hemoglobin contained 
in Whole blood With oxygen derived from the blood’s oWn 
Water content by only providing energy at mild conditions. 

In another embodiment, the present disclosure is directed 
to a process and a photolytic apparatus or device for oxygen 
ating Whole blood. The device has a photolytic cell having a 
photo-reactive surface. The photo-reactive surface comprises 
a light-activated catalyst and a disproportionate catalyst 
Which converts Water in the Whole blood into dissolved oxy 
gen upon light activation. 

In this regard, the photo-reactive surface comprises a light 
transparent substrate and a photolytic coating. The photolytic 
coating comprises a layer of light-activated catalyst and a 
layer of disproportionate catalyst. The light-activated catalyst 
converts, When photo irradiated, Water (H2O) in the blood into 
hydrogen ions, electrons and active oxygen. The hydrogen 
ions formed during photolysis can be removed or reacted With 
carbonate ions in the Whole blood to form carbonic acid. The 
carbonic acid then reacts With carbonic anhydrase in the 
blood to form Water and carbon dioxide Which is subse 
quently removed. The active oxygen formed during photoly 
sis is then converted by a disproportionate catalyst (such as 
MnO2, etc.) into dissolved oxygen. The electrons generated 
during photolysis are subsequently electrically conducted 
aWay to avoid reversal of the conversion reaction. This results 
in the oxygenation of Whole blood Without the need of exog 
enous gas delivery, etc. 

In a further embodiment, the disclosure relates to a process 
and device for enhancing the viability of an organ to be 
transplanted. The process comprises adding to an organ to be 
transplanted and/ or transported Whole blood. The Whole 
blood is then oxygenated. This is by a photolytical device 
Which generates dissolved oxygen, and a resulting increase in 
oxyhemoglobin, from Water present in the Whole blood by 
photolytic means. 

These and other non-limiting characteristics of the disclo 
sure are more particularly described beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The folloWing is a brief description of the draWings, Which 
are presented for the purposes of illustrating the exemplary 
embodiments disclosed herein and not for the purposes of 
limiting the same. 

FIG. 1 is a diagram shoWing the fundamental mechanism 
of a photolytic cell or chamber. The photolytic technology is 
based on the ability of transition metal oxides to convert light 
energy to electric current; the resulting charge separation is 
used to generate oxygen from adjacent (non diffusion) Water 
molecules supplied from serum. The photochemical materi 
als are designed to produce dissolved oxygen directly in an 
aqueous ?uid (blood), Without involving the gaseous phase, 
Which is freely available for binding With hemoglobin. The 
photolytic technology utiliZes a semi-conducting metal oxide 
material, such as TiO2, WO3, ZnO, or combinations thereof. 
Those skilled in the art Will appreciate that various dopants 
can be added to the metal oxide layer. The light energy pro 
duces charge separation (electron-hole pairs) in the semi 
conductor, Which results in the production of active oxygen, 
hydrogen ions and free electrons. DO stands for dissolved 
oxygen. 

FIG. 2 is a graph shoWing photolytic generation of dis 
solved oxygen and enhanced oxyhemoglobin in Whole blood. 
The vertical scale is in percent of the measured amount and 
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the horizontal scale is time in minutes. A modi?ed FMOl -LC 
Electrolyser, operating in a divided cell mode using a 
NAFIONTM membrane Was used to separate catholyte and 
anolyte solution. The anode Was optically transparent, and 
illumination Was achieved side-on by UV light (354 nm) 
using a ?lter and UVA ?ber optic lamp source. The catholyte 
Was Locke’ s-Ringer solution, and the anolyte Was anticoagu 
lated, fresh Whole blood at 370 C. using an in-line jacket. How 
Was regulated by a peristaltic pump at 80 cc/min. Oxyhemo 
globin, (represented in the ?gure as FOZHb) rapidly increased 
With laser illumination from 83% to 92% and remained stable 
throughout the trial. The term FOZHb indicates the percent of 
hemoglobin, Which contains bound oxygen, i.e. hemoglobin 
saturation. The term sO2 indicates the extent to Which dis 
solved oxygen is contained in the Water phase of blood; in 
effect the degree to Which dissolved oxygen may be contained 
in Water before it separates out as 02. 

FIG. 3 shoWs a perspective vieW of an embodiment of a 
photolytic device for oxygenated Whole blood designed for 
external or extra-corporeal usage. 

FIGS. 4A-4D illustrate the various embodiments of the 
photolytic device set forth in FIG. 3. FIG. 4A shoWs a general 
illustration of the photolytic arti?cial lung connected exter 
nally to a patient. FIG. 4B shoWs an interior vieW of the 
components of one embodiment of the photolytic device. 
FIG. 4C also shoWs an inside vieW of an alternative embodi 
ment of the photolytic device, and FIG. 4D illustrates the 
chemical reactions occurring therein. 

FIG. 5 shoWs a schematic vieW of the model photolytic cell 
apparatus. Among other things, this vieW depicts the relative 
positions of the coated test surface, light source, and the 
chemical sensor in place to monitor the chemical yield of the 
system. 

FIG. 6 shoWs an overall schematic diagram of the pho 
tolytic device disclosed herein. 

DETAILED DESCRIPTION 

The unrelenting nature of chronic lung disease has long 
energized the pulmonary community to seek technologies to 
replicate the capacity of the lungs to exchange oxygen for 
carbon dioxide. While most such arti?cial lung technologies 
Work by delivering pressurized oxygen gas to the blood 
through a system of holloW ?bers or tubes, the present dis 
closure employs photolytic energy to generate dissolved oxy 
gen in blood directly from the Water already present in blood, 
thus eliminating the need for gas delivery. 

In one embodiment, the present disclosure is directed to the 
use of the photolytic cell in a novel respiratory assist device 
and process. The respiratory assist device includes one or 
more photolytic cells having photochemically active material 
and associated components for the production of oxygen and, 
optionally, the regulation of pH, the removal of carbon diox 
ide, and the co-production of electrical energy in Whole 
blood. The electrical energy can be used to produce additional 
chemical changes or reactions. The embodiment may include 
a photolytic chamber to house or hold a su?icient number of 
stacked or assembled photolytic cells to perform the rate of 
gas exchange desired. 

The respiratory assist device can be an extracorporeal 
device, or a highly miniaturized, intracorporeal device, 
capable of achieving physiological gas exchange in patients. 
Utilizing the device, oxygen is photolytically generated from 
Water in Whole blood at a catalyst center, using photolytic 
energy under mild conditions of pressure, temperature and 
pH, While releasing hydrogen ions. Hydrogen ions, Which 
may be removed or released into solutions of bicarbonate ion, 
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6 
present in the blood, cause conversion of these ions into 
carbonic acid, Which spontaneously dissociates into Water 
and CO2 in the presence of carbonic anhydrase, a natural 
component of blood. 

In another embodiment, a semi-conducting metal oxide is 
utilized as the photo-absorption element, such as the anatase 
form of titania, or TiO2. Photolysis of this oxide results in the 
generation of active oxygen in Whole blood. The light energy 
associated With activation by a light source, such as a 354 nm 
UV laser light, selectively excites the TiO2 semiconductor 
electronic transition (350-389 nm band, or about 3.2 eV) With 
minimal Wasted radiation or transmission. Special dopants 
may adjust this Wavelength, in order to reduce the energy 
requirement and even to alloW activation Within the range of 
visible light. UV energy produces charge separation in the 
anatase, Which then produces active oxygen and free elec 
trons, the latter being electrically conducted aWay. Diffusion 
layers are minimized through the use of electron conductance 
to and from the photolytic site (as is done in natural photo 
synthesis) by photolytic transparency and by electrochemical 
conduction. The active oxygen is then converted to dissolve 
oxygen through the use of a disproportionation catalyst such 
as MnO2. 

Preferably, the device comprises a blood inlet cannula, a 
pump, at least one photolytic cell, a light source that irradiates 
the photolytic cells, an oxygenated blood outlet cannula and 
an optional carbon dioxide vent and/ or absorption device. A 
poWer source and/or batteries can be present to poWer the 
pump or light source. One or more in-line sensors and pro 
cessors can be present to monitor and optimize the blood ?oW 
through the system, the amount of oxygen and/or carbon 
dioxide generation, the presence of toxins, etc. Desaturated 
blood circulating through the device Will be pumped through 
the photolytic cells Where light activation Will result in dis 
solved oxygen generation and, in some embodiments, carbon 
dioxide removal. 
A more complete understanding of the components, pro 

cesses and apparatuses disclosed herein can be obtained by 
reference to the accompanying draWings. These ?gures are 
merely schematic representations based on convenience and 
the ease of demonstrating the present development, and are, 
therefore, not intended to indicate relative size and dimen 
sions of the devices or components thereof and/or to de?ne or 
limit the scope of the exemplary embodiments. 

Although speci?c terms are used in the folloWing descrip 
tion for the sake of clarity, these terms are intended to refer 
only to the particular structure of the embodiments selected 
for illustration in the draWings, and are not intended to de?ne 
or limit the scope of the disclosure. In the draWings and the 
folloWing description beloW, it is to be understood that like 
numeric designations refer to components of like function. 
More particularly, FIG. 3 shoWs an embodiment of a device 

10 developed as an extra-corporeal respiratory assist system. 
The device 10 includes a blood inlet 12 that cannulates blood 
from the patient into the device 10. The blood inlet 12 is 
connected to a pump 14 that draWs blood from the patient into 
the device 10. The pump 14 directs desaturated blood through 
one or more photolytic cells 16 Where light activation (for 
example, laser at 350-390 nm) results in oxygen generation 
and ultimate carbon dioxide removal via a carbon dioxide 
sorption device 24 or external ventilation. A poWer supply 18 
or optional battery 19 activates the light source 20. The light 
source 20 emits light photos 21 Which irradiate the photolytic 
cells 16. In turn, the photolytic cells 16 photochemically 
initiate a series of chemical reactions that produce oxygen 
and remove carbon dioxide from the blood. Oxygenated 
blood travels from the arti?cial lung 10 back to the patient by 
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Way of a blood outlet 22. Consequently, the arti?cial lung 10 
takes blood from the venous circulation of a patient and 
returns it to the arterial circulation. 

The device omits the gaseous state that causes problems 
Which have limited other blood oxygenation technologies, 
While optionally consuming carbon dioxide. Also, the device 
does not require the careful control of temperature or pres 
sure. As brie?y mentioned above, the materials for use in the 
present photolytic device are generally biocompatible and 
prevent blood contamination. Blood contact With the coatings 
is also minimized. Diffusion layers, Which can decrease oxy 
genation rates, are minimized using electrical conduction of 
electrons and cations to and from the photolytic site by incor 
porating thin ?lms having good photolytic transparency, and 
electrical and electrochemical conduction. 

The Wave length, beam size, pulse duration, frequency and 
?uency of the light source are adjusted to produce maximum 
and/ or e?icient gas exchange. Similarly, pump rate, How 
through capacity, etc. of the photolytic cells are also so 
adjusted. This can be accomplished by sensors and regulators 
Which also monitor reaction chemistry, toxins, etc. The sen 
sors and regulators have the capacity to auto-regulate various 
parameters of the system in response to the conditions moni 
tored by the sensors. 

The photolytic device can be designed so that it is an extra 
corporeal device or an intra-corporeal device. For example, 
the photolytic device can be designed as a miniaturized, 
implantable unit. Such a unit is con?gured to be implantable 
and it uses a transcutaneous energy transmission system and/ 
or an internal light source for energy conversion. 

FIG. 4A shoWs a simple representation of a patient 
attached to a device 10 as an extra-corporal device. Most 
preferably, the device is designed to provide at least about 150 
ml of dissolved oxygen per minute at 5 L/min of blood ?oW 
through the system for a human patient. FIGS. 4B and 4C are 
enlargement vieWs shoWing the components of various 
embodiments of the device 10. FIG. 4D shoWs the chemical 
transformations Which occur in each compartment of the 
various embodiments of the device. 

The device 10 pumps venous blood from the patient 
through a blood inlet 12. The venous blood enters by means of 
a How distributor 25 into one or more photolytic cell(s) 16. 
The photolytic cell(s) may be optionally arranged to form a 
stack of photolysis cells 27. The amount of blood entering and 
leaving the photolytic cell(s) 16 is controlled by How distribu 
tor 25. See FIG. 4B. 
A light source 20 irradiates the photolytic cell(s) 16, 

thereby initiating the photochemical reactions Within the pho 
tolytic cell(s) 16 that ultimately form dissolved oxygen that 
binds to blood hemoglobin (Hb). Excess carbon dioxide and 
hydrogen formed from the chemical reactions in the pho 
tolytic cell(s) 16 enter one or more gas sorption devices 24 for 
storage and/ or eventual venting through a venting outlet 28. 
Once the blood has been oxygenated, and the carbon dioxide 
removed, the blood returns to the artery of a patient by Way of 
blood outlet 22. Among the components of the photolytic 
device not illustrated in this embodiment is the blood pump, 
poWer supply, control electronics and sensory technology for 
monitoring reaction chemistry, the amount of oxygen, carbon 
dioxide, etc. generated the presence of potential toxins, etc. 

The main component of the device is the photolytic cell 16. 
See, for example, FIG. 4C. Light energy 21 from a light 
source 20 enters the photolytic cell 16 through a transparent 
substrate or WindoW 30 and activates a layer of light-activated 
catalyst 32. As discussed in more detail beloW, an example of 
such a light activated catalyst is anatase (TiOZ). Depending on 
the catalyst 32 used, the light-activated catalyst 32 converts 
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Water in the blood into intermediate active oxygen, hydrogen 
ions and excess electrons, or directly converts Water into 
dissolved oxygen. An optional second catalyst, i.e. a dispro 
portionation catalyst, 34 can be used to convert the interme 
diate active oxygen to dissolved oxygen, 02. An example of 
such a second catalyst is manganese dioxide (MnOZ). Excess 
electrons are formed during the conversion of Water to dis 
solved oxygen and are conducted out from the catalyst 32 to 
an anode conductor layer 36 such as gold or titanium metal 
?lm. In chamber 37, the dissolved oxygen binds to hemoglo 
bin (Hb) in the blood and the oxygenated blood returns to the 
patient via an arterial blood outlet 22. 

Additionally, in chamber 37, bicarbonate ions Which are 
also present in the deoxygenated blood react With the hydro 
gen ions generated above to form carbonic acid. The carbonic 
acid is then converted to Water and carbon dioxide by car 
bonic anhydrase. The Water formed reacts With electrons at 
the cathode 38 to form hydrogen gas (H2) and hydroxyl 
groups. The hemoglobin also releases carbon dioxide When 
the oxygen binds to the hemoglobin. The excess carbon diox 
ide and hydrogen created from the reactions occurring in the 
photolytic cell 16 enter one or more gas sorption devices 24 
for storage or venting. 

FIG. 5 shoWs a ?oW-through embodiment of the photolytic 
cell 16. In the ?oW-through cell embodiment, the folloWing 
main components of the photolytic cell 16 are assembled, i.e. 
a conductive coating of vacuum deposited Ti metal 36, a 
coating of adherent TiO2 (anatase) 32, an optional MnO2 
particulate layer 34, and then tested using a bicarbonate solu 
tion. A UV laser light 20 Was shoWn on the transparent glass 
or quartz substrate 30 so to initiate the reactions. As discussed 
beloW, this cell Was utilized to collect pH and data as a 
function of laser UV. irradiation demonstrating the effective 
ness of the disclosure. 

In this regard, the photolytic cell 16 of FIG. 5 includes a 
transparent WindoW 30 or Wave guide for the entry of light 
energy in the form of photons 21 from a light source 20 such 
as an ultraviolet laser light. On one side of the glass slide is an 
anode conductor layer 36, such as titanium (Ti) metal ?lm. 
Attached to the anode conductor layer 36, is a layer of a light 
activated catalyst 32 such as anatase (TiOZ). An optional 
catalyst layer 34, such as manganese dioxide, is adjacent to 
the light activated catalyst layer 32. The photolytic cell 16 
includes one or more layers of silicone gaskets or spacers 40 
and an acrylic housing 42. A pair of anolytes 44 (in/out) is 
connected to the light activated catalyst layer 32 or optional 
catalyst layer 34 and extend through the photolytic cell 16 
aWay from the transparent WindoW 30. The photolytic cell 16 
further includes a cation exchange member 46, such as a 
NAFION® membrane from DuPont. A pair of catholytes 48 
(in/out) is connected to the cation exchange member 46 and 
extends outWardly through the photolytic cell 16 generally 
aWay from the transparent WindoW 30. The photolytic cell 16 
further includes a cathode layer 38, such as Pt foil, adjacent to 
the cation exchange member 46. 

FIG. 6 is a schematic draWing shoWing the electrical and 
chemical transformations Which occur in the photolytic cell 
16 of the device 10. Venous blood (loW in oxygen and high in 
carbon dioxide) from a patient enters the photolytic cell 16 
through inlet 12 by Way of a peristaltic pump 14. Light pho 
tons (hv) 21 generated by light source 20 enter through a 
transparent WindoW 30 or Waveguide and activate the light 
activated catalyst 32 such as 100 um TiO2 (anatase). The light 
activated catalyst 32 either directly converts Water to dis 
solved oxygen or converts Water to active oxygen and hydro 
gen ions and an optional second catalyst 34, such as manga 
nese dioxide (MnO2) on a porous ?lm, converts active oxygen 
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(e. g. H2O2) into dissolved oxygen (DO). The dissolved oxy 
gen then binds to hemoglobin present in the blood. 

The electrons released from the conversion of Water to 
oxygen are collected in an anode conductor layer 36. An 
optional electrical bias voltage formed from a battery 49 
facilitates electron ?oW from the layer 36 to the cathode 38 
(such as stainless steel, copper, graphite or nickel), so that the 
electrons do not react With the active oxygen to cause a back 
reaction and the reformation of Water. 

The electrical current and electron ?oW canbe regulated by 
a current regulator 50 or resistor 52. The electrons can react 

With Water to form hydrogen gas, H2, and a hydroxyl ion 
(OH—). The hydrogen gas formed is moved to a gas sorption 
device, Where it is stored and/or released (i.e., expired). 
Sodium (N a+) ions from the blood migrate across the cation 
exchange membrane 46 and react With hydroxyl ions to form 
sodium hydroxide (N aOH) in the catholyte 48. The hydrogen 
ions formed from the conversion of Water at the light activated 
catalyst reacts With bicarbonate ions to form carbonic acid, 
Which is converted by carbonic anhydrase enzyme present in 
the blood or added to form carbon dioxide and Water. The 
carbon dioxide formed in the photolytic cell 16 along With the 
carbon dioxide released from the blood is moved to one or 
more gas sorption devices 24 or vented. The oxygenated 
blood exits the photolytic cell 16 via an outlet 22 and returns 
to the artery of the patient. 

The various particular components and/or processes of the 
How through photolytic cell embodiment of the present 
invention are described in more detail below: 

1. Transparent Substrate or WindoW 30 
The transparent Window 30 can be formed from glass, 

quartz slides, quartz, etc. Glass is useful in forming the trans 
parent WindoW provided that the UV transparency is adequate 
at the Wavelength needed. Quartz slides are also useful 
because of its high UV transparency. For the transparent 
WindoW, light entry into and through the transparent WindoW 
can be from the back, side, or bottom. Edge illumination 
through the transparent WindoW can optionally include a lens 
or Wave guide. 

The transparent WindoW can further include a Wave guide. 
A Wave guide uniformly distributes photons (hv) from the 
light over the surface of the light activated catalyst. Particu 
larly, the Wave guide causes the light photons to travel in a 
path so that the photons maximally contact the entire layer of 
the light activated catalyst. Light enters the Wave guide in the 
side of the transparent WindoW generally parallel to the sur 
face of the light activated catalyst that is attached to the 
transparent WindoW. The Wave guide alloWs for maximal light 
photon contact With the light activated catalyst Without 
directly illuminating the side of the entire light activated 
catalyst attached to the transparent WindoW. The Wave guide 
also alloWs form maximal photolytic cell staking because 
light is not required to directly illuminate the light activated 
catalyst but rather can be indirectly illuminated by side or 
edge entry in the transparent WindoW. The Wave guide pro 
vides additional ef?ciency to light used in the photolytic cell 
because the light can be spread across the entire surface of the 
light activated catalyst. 

2. Anode Conductor Layer 36 
The anode conductor layer 36 conducts electrons formed 

from the reaction of Water to oxygen out of the anode. The 
anode conductor layer prevents the electrons from reacting 
back With the oxygen to reform Water, thereby alloWing maxi 
mal formation of oxygen. The anode conductor layer is 
applied or attached to at least one side of the transparent 
WindoW. 
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10 
The anode conductor layer can be formed at least tWo 

different Ways. The anode layer can be formed by attaching a 
thin ?lm of uniform metallic conductor to the transparent 
WindoW using vapor deposition. The ?lm preferably has a 
thickness of less than about 0.2 um. Preferably, the ?lm is 
formed from gold, titanium, or indium tin oxide or other 
conductive material that is light transparent When thinned. 
Gold remains metallic at all conditions but can be very e?i 
cient at UV light blockage or re?ection. Titanium can be 
oxidized to TiO2 by adding O2 to the deposition chamber to 
yield a possible catalyst layer With excellent adhesion. 

The anode conductor layer 36 can also be formed by using 
photo-resist technology. Under photo-resist based technol 
ogy, grids or vias are prepared With masks using vapor depo 
sition, etching, and electroless plating. Conductor line spac 
ing, Width and thickness optimization may be required to 
prevent excessive attenuation, and provide suf?ciently close 
conductive areas to sWeep electrons aWay from the light acti 
vated catalyst layer. 

3. Catalysts 32 and 34 
A light activated catalyst 32 is coated onto the anode con 

ductor layer. The light activated catalyst is photochemically 
activated and reacts With Water to form dissolved oxygen or a 
free radical oxygen intermediate that is ultimately converted 
to dissolved oxygen. The term active oxygen (AO) in the 
present application de?nes any free radical oxygen interme 
diate formed in the photolytically catalyzed reaction of Water 
that is ultimately converted to dissolved oxygen. The active 
oxygen formed is in the form of a peroxide, such as hydrogen 
peroxide, H202, or peroxide ion salt, hydroxyl free radical, 
super oxide ion, etc., and is converted into dissolved oxygen 
in the presence of a catalyst. The active oxygen formed 
depends on the light activated catalyst used. Also, depending 
on the light activated catalyst used, Water may be photolyti 
cally converted directly into dissolved oxygen Without ?rst 
forming an active oxygen. 

Several different catalysts can be employed for producing 
dissolved oxygen photochemically. One catalyst that can be 
used to photochemically produce oxygen is zinc oxide. By 
using zinc oxide, peroxide (H202) is produced directly from 
Water at blood pH. H2O2 is an excellent form of active oxygen 
for providing su?icient potential diffusion distance, and also 
for the disproportionate reaction to dissolved oxygen and 
Water via a solid MnO2 catalyst (similar to green plant O2 
generation site) occurring photochemically at <340 nm by 
Way of metal ion assisted disproportionation With catalase 
and other hydroperoxidases. Zinc oxide ?lm has other posi 
tive attributes including, knoWn ?lm formation technology 
(eg via the zinc/nitrate/glycine reaction), loW toxicity con 
cerns, and loW cost. 
An additional catalyst that can be used to photochemically 

produce dissolved oxygen is tungstate (WO3) that is exposed 
to visible light and using e-scb removal. WO3 yields oxygen 
(O2) directly from Water Without the need to ?rst produce an 
active oxygen species. Oxygen is generated stoichiometri 
cally and the “back reaction” is unfavored so that there is not 
signi?cant competition to the direct formation of dissolved 
oxygen. Only visible light is needed to generate dissolved 
oxygen from WO3, no more than about 496 nm. WO3 ?lms 
present loW toxicity concerns. Preferably, the use of WO3 
further includes the removal of excess e-scb formed during 
oxygen formation from Water. 

Another catalyst suitable for reacting With Water is TiO2 
(anatase) irradiation With, folloWed by dissolved oxygen pro 
duction at a metal catalyst, such as a MnO2 catalyst, or other 
similar catalyst. TiO2 removes the e-scb e?iciently from the 
production area in order to ultimately obtain good dissolved 
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oxygen production and minimize any back reaction to reform 
reactants. The removal of e-scb is performed through conduc 
tion via the semi-conductor property of the TiO2(a) With 
enhancement via application of a small DC bias voltage. TiO2 
irradiation also presents loW toxicity concerns. TiO2 provides 
very high insolubility and kinetic inertness to minimize dis 
solution and fouling during use and maintenance. Preferably, 
UV light is chopped or pulsed during TiO2 irradiation to alloW 
time for the chemical reactions to occur since With continuous 
irradiation causes the e-scb to accumulate and force a back 
reaction to form Water. A pause in the irradiation alloWs time 
for the sloWer, but still extremely fast irradiation in the range 
of p. sec to msec to occur. 

A further catalyst for reacting With Water to ultimately form 
dissolved oxygen is a semiconductor poWder (SCP)-?lled 
UV/VIS light transparent thermoplastic ?lm. SCP-?lled ther 
moplastic ?lm is relatively inexpensive to manufacture and 
form into shape. SCP ?lm is easily moldable, extrudable, cut 
and machined. SCP can be used very ef?ciently in surface 
applied only form. Also, SCP has loW toxicity concerns. 
Optimized commercial products (conductive plastic ?ller 
poWders) are available With good properties for dispersion, 
particle-to-particle electrical conductivity (for e-scb 
removal), and resistance to sloughing off that can be used 
With the present photolytic arti?cial lung. 

The folloWing additional preferred conditions may be used 
for each of the above-mentioned catalysts. First, an applica 
tion of a small (e.g. up to a feW volts DC) bias voltage can be 
applied to help ensure that the e-sch is quickly conducted 
aWay from the production site. Second, a chopped illumina 
tion, instead of a continuously applied illumination, may 
alloW secondary chemical reactions to occur since the sec 
ondary chemical reactions are sloWer than the photochemical 
reactions and enhance photo yields by alloWing the excited 
electrons to exit the system and not be present for regenera 
tion of starting material, i.e., Water. 
Of the above-mentioned catalysts, the TiO2 (anatase) cata 

lyst folloWed by a second metal catalyst for disproportion 
ation is the mo st preferred. When the TiO2 catalyst is used, the 
light-titania interaction is the ?rst step in the ultimate forma 
tion of dissolved oxygen. It is knoWn that surface hydrated 
particulate TiO2 (anatase) solid, TiO2(a)-OH2 or TiIVO2(a) 
OH, is an e?icient UV light (hv) acceptor at Wave lengths 
<390 nm, resulting in active oxygen formation from sorbed 
Water and hydroxyl groups. The most probable reaction is 
believed to be: 

It is noted that other bonds to Ti have been omitted for 
clarity. The reactant and product of the above reaction are 
solid materials. In the above reaction, H2O is already bonded 
to the surface of the TiO2(a) catalyst as H2O or as hydroxyl 
ion (OH—), i.e. TiIVO2(a)-OH2 or TiIVO2(a)-OH, respect 
fully. Hence, no atoms are required to move during the very 
fast photon absorption process. The * represents a loW lying 
excited electronic state Where the energy of the photon is used 
to transition or excite an electron from a nonbonding orbital 
on the oxygen to a molecular orbital centered on the titanium 
ion, hence converting the titanium into a trivalent oxidation 
state. The molecular orbital centered on the titanium ion is 
knoWn to be a part of the semiconduction band (“scb”), and so 
the electron is readily conducted aWay from the site to form a 
bipolar charged grain, or, if connected to a closed DC elec 
trical circuit, resulting in full charge separation, i.e., 
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If the e-scb is not conducted aWay or otherWise removed by 

reaction With an oxidant present in the solution, the e-scb 
could react With the hydroxyl free radical and reverse or back 
react so that the system Would return to its original state and 
form Water. In this latter case there Would be no net reaction 

and the photolytic energy Will appear as a small amount of 
heat. Hence the charge separation process and removal of 
e‘scb is considered an important ?rst step of the photolytic cell 
dissolved oxygen generation process. 

The hydroxyl free radical (.OH) group present is used to 
represent the initial form of the active oxygen generated by 
the photolytic process. It is not certain that .OH is the domi 
nant species present When TiO2(a) is photolyzed. The active 
oxygen formed could generally be in the form of a superox 
ide, hydrogen peroxide, or a hydroxyl free radical. HoWever, 
the form of this active oxygen produced has suf?cient ther 
modynamic driving force to form active oxygen from Water. 
For the TiO2(a) catalyst at neutral pH, these highly reactive 
hydroxyl free radicals either back react as described above, or 
rapidly dimerize to form (u-peroxo) titanium (IV) and hydro 
gen ions, i.e. 

These H+ ions are valuable for blood-CO2 level control. 
The rate of dissolved oxygen production is the rate at Which 
the active oxygen splits out to form O2(aq) and reforms TiO2 
(a), i.e. 

In an unWanted but unharmful second side reaction, any 
O2(aq) produced can react With e-scb previously produced 
but not yet conducted aWay. These e-scb negative charges 
tend to reside on the surfaces of the TiO2 particles so that the 
negative charge are most separated. Therefore, these e-scb 
electrons are available for reduction reactions With 02 or the 
u-peroxide linkage to produce species such as 02*, 0:, 
0*, etc., thereby decreasing dissolved oxygen yields. In 
order to minimize side reaction, the illumination is pulsed 
instead of continuous. The delay caused by illumination pul 
sation alloWs the e-scb to be conducted aWay in one direction 
and the dissolved oxygen to diffuse aWay in another (E. 
Pelizzetti, M. Barbeni, E. Pramauro, W. Erbs, E. Borgarello, 
M. A. Jamieson, and N. Serpone, Quimica Nova (Brazil), 288 
(l 985)). Also, illumination pulsation prevents the local popu 
lations of O2(aq) and e-scb from becoming so high that reac 
tion betWeen them becomes fast. The pulse rates involved are 
extremely short in the usec-msec range so that there is little 
effect on O2(aq) production rates. Enhanced yields are also 
possible for photolytically established charge separation 
When a bias voltage is present across the coating. (X. Z. Li, H. 
L. Liu, and P. T. Yue, Envison-Sci-Technology, 2000, 34, 
4401 -4406.) A small bias voltage may also be used to further 
reduce the amount of e-scb present and produce more dis 
solved oxygen. 

Another Way to increase the amount of dissolved oxygen 
production in the TiO2(a) system is to provide a means to 
speed the rate of release of the trapped u-peroxide as hydro 
gen peroxide as to active oxygen. 
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H2O2 is an excellent form for the active oxygen species as 
it readily migrates and is easily catalyzed to disproportionate 
into dissolved oxygen and Water. 

Catalyst 
—> ZHZOZQHD fast 

Stable free radicals (SFRs) can be used to release the 
trapped @-peroxide as hydrogen peroxide. SFRs can exist as 
free radicals for extended periods of time relative to the 
hydroxyl free radical. SFRs have been found useful for pro 
moting electron transfer reactions. They electronically and 
reversibly rearrange into reduced or oxidiZed species one 
electron at a time as set by the reaction conditions. Biological 
systems are knoWn to use SFRs as respiratory carriers, such as 
quinone coenZymes including ubiquinone, vitamin K, etc. 
The SFR shuttles the reactivity from the point of generation to 
the point of H202 production, or even directly to the metal ion 
MnO2 catalyst for dissolved oxygen production. Components 
found in biological systems such as vitamins E, C, K, etc. also 
may function in the role of SFRs except Without recycle. At 
least four classes of SFRs exist from Which a suitable agent 
can be selected: hindered hydroxylated aromatics (quinones, 
substituted phenolics); organic peroxide precursors (alco 
hols, etc.); peracid precursors (acylating agents, etc.); and 
nitroxides, RN—>O. 

Therefore, for the TiO2(a) photocatalyst to be useful, a 
means for releasing the u-peroxide energy is needed, such as 
soluble H2O2, since H2O2 can diffuse to the MnO2 for dis 
solved oxygen production, or by conducting the oxidiZing 
poWer to another active oxygen form, such as SFRs in the 
adjacent solution that can be used in dissolved oxygen pro 
duction, or using the TiIV4O4OiTiIV content to elec 
tronically remove electrons from the MnO2 cluster/particle 
(as is done in green plant photosynthesis by the “D” protein). 
In the last means, only an electron ?oWs from the Water 
through the MnO2 to the u-peroxo linkage through delocal 
iZed bonds. This electron replaces the e-lost from the TiO2 
(a)-OH system as e-scb. 
The formation of H202 as the active oxygen is valuable 

since H2O2 can be rapidly converted to dissolved oxygen in 
100% yield using many different methods: thermally; metal 
ion catalysis; particulate/ surface catalysis; base catalysis; and 
free radical reaction With reductant initiation. Preferably, 
metal ion catalysis, such as, MnO2(s), provides an e?icient 
catalyst for H2O2 disproportionation to Water and 02, on thin 
?lm substrate constructs. 

MnO2(S) I 
H202 —> H2O + l/2O2(aq)(d1ssolved oxygen) 

Photo catalyst systems such as Zinc oxide, ZnO, release 
peroxide as the active oxygen more readily than does TiO2. 
Less acidic metal ions under the LeWis acid/base theory de? 
nition cannot suf?ciently stabiliZe the highly alkaline perox 
ide ion relative to Water protonation (pKal of H202 is 11.38 
(250 C.)) to form it Within the solid phase, and so hydrogen 
peroxide, H2O2, is readily formed from ZnO: 
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ZnO ?lms and particles can be prepared in a number of 

Ways With varying but controlled composition, morphology 
and porosity. For example, mirrors of Zinc, doped Zinc, and 
Zinc alloys and can be sputtered doWn onto an optically trans 
parent support, folloWed by oxidation With O2(g). This treat 
ment produces a metal/metal oxide (Zn/ZnO) ?lm. Another 
highly effective approach to semiconducting ZnO-based 
?lms is to utiliZe a process for optical glass coatings. (L. R. 
Pederson, L. A. Chick, and G. J. Exarhos, U.S. Pat. No. 
4,880,772 (1989).) The optical glass coating technique is 
based on applying a Zinc nitrate/ glycine aqueous solution as a 

dip or spray, folloWed by drying (1100 C. for 15 min), then 
heating (450-5000 C. for 3 min) to initiate a self-oxidation 
reaction during Which the carbon and nitrogen exits as gases 
leaving an adherent yet porous ?lm bonded to the underlying 
surface (e.g. glass) and is referred to as the glycine nitrate 
process. (L. R. Pederson, L. A. Chick, and G. J. Exarhos, U.S. 
Pat. No. 4,880,772 (1989).) The ZnO ?lm is normally pro 
duced doped With alumina by including aluminum nitrate in 
the aqueous formulation for the initial dip. Many other metal 
ion blends are also possible With this technique. 

Tungstate only requires visible light to produce dissolved 
oxygen, and produces dissolved oxygen directly Without 
requiring a second catalyst to form dissolved oxygen. The 
loWer photon energy requirement for WO3 is due to the 
smallerband gap of 2.5 eV versus at least 3 eV for TiO2(a). As 
With the TiO2 anatase system, high yields are possible With 
the WO3 catalyst if the e-scb is removed. The production of 
02 increases very signi?cantly if RuO2 (ruthenium oxide) is 
placed on the surface of the W03. This is consistent With the 
fact that RuO2 is a knoWn good catalyst for 02 production and 
so represents a route to improving other approaches. 
An advantage may exist if the dissolved oxygen producing 

?lm could be a ?lled plastic. Such materials are often inex 
pensive and manufactured easily. Commercial sources exist 
for semi-conducting, loW light absorbing, inorganic ?llers for 
plastics Which are supplied in ready made condition for incor 
poration into plastics, making the plastics electrically con 
ductive. For example, E.l. DuPont Nemours, Inc. sells elec 
troconductive poWders (EPC) under the trade name ZELEC® 
ECP for such purposes. The conductive substance in 
ZELEC® ECP is antimony-doped tin oxide (SnO2:Sb). The 
bulk of these materials, onto Which the conductor is coated, 
are familiar inorganics such as mica ?akes, TiO2, and holloW 
silica shells, or ECP-M, ECP-T and ECP-S respectively. Pure 
SnO2:Sb-based material is designated ECP-XC and is a much 
smaller particle than the other materials. About 25-45% by 
Weight of the ECP products are used so that the particles are 
suf?ciently close to each other to provide internal electrical 
connections throughout the otherWise non-conducting plas 
tic. ECP-S and ECP-M normally perform best for loWer con 
centrations. Thin ?lms of ECP-XC can provide an attractive 
coating because they are very ?ne grained and strongly light 
absorbing. 
The TiO2 layer can be formed a variety of Ways. The TiO2 

layer can be formed by sol gel, drying and baking. A product 
under the trademark LIQUICOAT® from Merck & Co., Inc., 
Which hydrolyZes Ti(OR)4 type material in Water to form 
TiO2 and 4ROH can be used to form the TiO2 layer under a sol 
gel/drying/baking process. TiO2 can also be formed from 
preparing an anatase suspension from dry poWder, then dip 
ping, drying, and baking the suspension to form the TiO2 
layer. Another Way the TiO2 layer can be formed is by e-beam 
evaporating titanium and subsequently exposing the titanium 
to 02 Within a deposition chamber. The TiO2 layer can also be 
formed by adding titanium salt to Water and adjusting the pH 
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to ~2-7 to form a suspension, then dipping the suspension and 
allowing the suspension to dry. 

Active oxygen is created from TiO2 by irradiation With UV 
light, but the chemical form of the active oxygen is very 
reactive and can be lost by side reaction occurring in close 
proximity to the TiO2 particle surface Where active oxygen is 
generated. There are at least three Ways to minimize the loss 
of active oxygen to unWanted side reaction: 1) move the active 
oxygen to dissolved oxygen conversion point closer to the 
active oxygen generation point, i.e. move the metal ion cata 
lyst as close as possible to the TiO2, Which may require 
intimate contact betWeen these tWo materials, in the order of 
angstroms; 2) electrically connect the tWo points, as is done in 
photosynthesis by a protein capable of conducting electrons; 
or 3) convert the active oxygen into a longer lived intermedi 
ate active oxygen species that has time to migrate to more 
distant MnO2 centers for conversion to dissolved oxygen. 

The amount of active oxygen lost by side reactions can be 
minimized by introducing an active oxygen carrier molecule 
into the media, or “D,” by analogy to a photo synthetic system. 
Agents for use With species D can be selected from tWo 
groups, those that readily form organic peroxides, and those 
that form “stable” (i.e. long-lived) free radicals. Organic per 
oxides are useful because they easily produce dissolved oxy 
gen When contacting MnO2, and readily form by oxygen 
insertion. The organic peroxide reactions are as folloWs: 

Where the excited electronic state corresponds to the ligand 
to-metal charge transfer (free radical pair), and is folloWed by 
the reaction: 

Where conduction of the e— into the semiconductor conduc 
tion band and aWay from the side of the particle near the .OH 
prevents recombination of that e‘. As shoWn in the reaction 
above, the TiO2 anatase is regenerated. The above reaction 
produces a hydrogen ion for eventual CO2 removal. Also, the 
active oxygen produced in the above reaction is in close 
proximity to TiO2 as a free radical hydroxyl groups, .OH. 
As .OH is extremely reactive, lasts only for a very short 

time and does not diffuse far. One Way to increase the amount 
of time that .OH is present is by introducing a species that 
stabiliZes the .OH. Similar to photosynthesis, a species “D” is 
introduced into the test system to capture the hydroxyl free 
radical in a longer lived species. The species D is generally 
shoWn the in folloWing chemical reaction: 

D+.OH->D* 

Where D can be RC(O)OH: 

organic peracid 

or D can be R3COH: 

R3COH + 'OH —> 

Alcohol organic peroxide 
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16 
or D can be a free radical scavenger that forms a stable free 
radical: 

R_N=O + 'OH —> R_N=O +' + OH‘ 

free radical stable 
scavenger free radical 

or D can be 2,6-di-tertbutyl phenol: 

The 2,6-di-tertbutyl phenol is the most desired D species, 
as a strongly reducing .H radical is not formed that Would 
consume OH- and [TiO2]iTiIII in Wasteful reactions, 
regenerate the starting materials, and result in a loW photo 
chemical yield. 
The catalyst used to convert active oxygen into dissolved 

oxygen includes metal ions capable of redox cycling, such as 
Fell, FeIII, CuI, CuII, CoII, CoIII, MnII, MnIII, MnIV, etc., or 
metal oxides formed from metal ions capable of redox 
cycling, such as manganese dioxide, MnO2. The present reac 
tion produces dissolved oxygen directly from Water and by 
passes the gaseous state. The MnO2 catalyst is most preferred 
because it forms dissolved oxygen e?iciently and is not 
highly selective of the active oxygen form. 
One Way to facilitate the conversion of active oxygen to O2 

is by doping the surface of the TiO2 anatase With manganese 
(Mn). Surface doping the TiO2 With Mn provides a highly 
productive active oxygen to O2 conversion catalyst. Active 
oxygen disproportionation is rapid When dropped on a Mn 
doped anatase. Alternatively, active oxygen can also be con 
verted to O2 by placing MnO2 on the surface of the anatase in 
conductive form. In this form, electrons are catalytically 
passed from Water to the active oxygen region of the anatase. 
Such an arrangement more closely mimics photosynthesis O2 
production. 

Another Way to convert active oxygen to O2 in the pho 
tolytic cell is by using a MnO2 octahedral molecular sieve 
(MOMS) material as the dissolved oxygen catalyst. The 
MOMS material has an open gel-like structure and is closely 
related to Zeolites in structure. The MOMS material is easily 
formed from manganese salts through precipitation and dry 
mg. 

Active oxygen may also be converted to O2 in the pho 
tolytic cell by a superoxide dismutase (SOD) catalyst. SOD 
catalyst is already available in the human body and can pro 
vide the required conversion of active oxygen, eg as 02*, 
into a dissolved oxygen precursor, i.e. H202, to supplement 
the photolytic cell and Mn-doped anatase. 

Blood is routinely exposed to active oxygen forms and 
blood already has built-in measures for self protection against 
loW levels of excessive active oxygen. (“Inorganic Biochem 
istry”, G. L. Eichhom (Ed)., Chap. 28, p 988 (Elsevier, Sci 
enti?c Publ., NY (1975), and “Advances in Inorganic and 
Bioinorganic Mechanisms”, A. G. Skes (Ed), p 128 (1986) 
(Academy Press, NY)) Active oxygen forms Within the body 
in the form of species such as peroxides (R4O4OiH) and 
superoxide (O2-(aq)), Which are disproportionated to dis 
solved oxygen and H20 respectively by hydroperoxidases, 
such as catalase Which contains Zinc ion, peroxidase Which 
contains iron ion, etc., and superoxide dismutase metal ion 
based enZymes, such as ferr‘iprotophyrin IX. Alternatively, 
these enZymes can utiliZe active oxygen forms to oxidiZe a 
Wide range of chemical reductants such as ascorbic acid and 
other vitamins such as such as vitamin E and vitamin K. 
Although the photolytic arti?cial lung does not rely on such 



US 7,909,788 B2 
17 

protection mechanisms, it is noteworthy that loW levels of 
such molecules are not neW to body chemistry and that con 
ventional mechanisms for handling such exposures exists. 

4. Blood Exchange 
Hemoglobin from blood folloWs the folloWing steps of 

reactions Within the photolytic cell. 

Ni oftWo alpha-chains (pKa L 8.0) and His [5146 

(pKa L 6.5) residues are bases for H’“ reaction 

CO2+H2O 7t H2CO37t H*+HCO3’ 

When Water reacts With a light activated catalyst, the 
hydrogen ion that is released rapidly reacts With an HCO3 
ion and forms H2CO3. The photolytic cell has excess HCO3— 
ions to react With hydrogen ions. 

The photolytic cell alloWs the blood to achieve the proper 
mass balance. The mass balance of blood traveling through 
the photolytic cell is as folloWs: 

PF 4e‘ + Zquinone Zhydroquinone 

Q HzQ 
Net Reaction: Hb(RNHCOO') + HCO3' + PF + H2O + hv + 

2Q 2002 + Hb'OZ + ZHZQ. 

Alternatively, quinone can be replaced With Fe(CN)63’. The 
quinone or Fe(CN)63— Q could be in homogeneous solution 
or ?lm form. 

5. Cation Exchange Membrane 46 
The cation exchange membrane 46 alloWs for the diffusion 

of cations in the photolytic cell. Particularly, the cation 
exchange membrane alloWs a cation, such as a sodium ion 
(Na+) from blood to diffuse through the membrane and sub 
sequently form sodium hydroxide (NaOH) in the catholyte. 
The cation exchange membrane is commercially available 
under the trademark NAFION® and is available from E1. 
DuPont Nemours Inc. NAFION® cation exchange mem 
branes are a per?uorosulfonic acid/PTFE copolymer in an 
acidic form. Although NAFION® cation exchange mem 
branes are the preferred membrane, one skilled in the art 
Would recogniZe that other cation exchange membranes are 
also suitable in the photolytic cell. 

The anodic compartment of the photolytic cell has the 
folloWing series of reactions: 

M1102 
A0 1/202 + H2O 
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-continued 

CA t. 
2H2CO3 L 2H2o + 2002 

The overall net anodic reaction from the above reactions is 
as folloWs: 

The tWo electrons formed in the anodic reaction are con 
ducted aWay to the cathode via the anode conductor layer. The 
tWo Na+ ions are moved to a catholyte via a cation exchange 
membrane. 

6. Catholyte 48 
Sodium hydroxide (NaOH) builds in the catholyte during 

the series of reactions in the photolytic cell. It is preferred that 
the NaOH is purged occasionally from the catholyte. If 
sodium chloride (NaCl) is used in the catholyte instead of 
NaOH, NaCl(s) may eventually form Within the catholyte and 
Would periodically be purged. 

The reactions occurring in the cathode of the photolytic 
cell are as folloWs: 

The overall net cathodic reaction is as folloWs: 

The Na2CO3 that is produced causes pH to rise. Based 
upon the overall anodic and cathodic cell reactions, the over 
all net photolytic cell reaction is: 

7. Battery/Current Regulator 
As shoWn in FIG. 4, the photolytic cell can include a 

battery 49, current regulator 50, or resistor 52. An electrical 
current formed from a battery 49 alloWs electrons to How 
from the anode 36 to the cathode 38. The initial bias voltage 
caused by the current supplied from the battery initiates the 
removal of electrons formed during the conversion of Water to 
dissolved oxygen and prevents the electrons from reacting 
With the active or dissolved oxygen to reform Water. The 
initial bias voltage also alloWs more dissolved oxygen to be 
produced as the removal of the electrons minimiZes the ref 
ormation of Water. Additional external electrical contacts can 
monitor or apply a particular voltage to the photolytic cell. 

The current regulator and resistor help control the How of 
electrons from the anode to cathode, thereby controlling the 
amount of dissolved oxygen formation. The resistor creates a 
?xed control in the current ?oW, Whereas the current regulator 
can be adjusted to increase or decrease the resistance of the 
current ?oW. Increasing the resistance of the current loWers 
the number of electrons ?oWing from the anode to the cath 
ode, thereby loWering the overall production of dissolved 
oxygen. Decreasing the resistance of the current increases the 
How of electrons from the anode to the cathode, thereby 
increasing the amount of dissolved oxygen produced. 
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8. Optimal Gas Sorption Device 24 
Continual venting of carbon dioxide gas out of the pho 

tolytic cell presents the problem of potential infection. A gas 
sorption device minimizes and provides control over poten 
tial infection risks by avoiding continuous venting of the CO2 
to the atmosphere. The gas sorption device captures CO2 gas 
released from the oxygenated blood in a concentrated form. 
The concentrate can be processed or disposed of occasionally 
so that the sterility of the photolytic cell is not continuously 
subjected to possible contaminants due to the continual vent 
ing of the CO2 gas. 
CO2 can be captured using a number of different Ways by a 

gas sorption device 24. The gas sorption device can use the 
process of chemi-absorption and convert CO2 into a concen 
trated solid or solution form. The concentrate formed in the 
gas sorption device can then be disposed of as disposable 
cartridges having liquid or solid CO2, or regenerated. 

9. Light Supply 20 
The light supply is used in the photolytic cell to provide the 

photon energy necessary to activate the catalyst converting 
Water into oxygen. The light source can be from any knoWn 
light source including, but not limited to, sunlight, UV light, 
laser light, incandescent light, etc., depending on the activa 
tion requirement for the light activated catalyst used. Prefer 
ably, the blood ?oWing through the photolytic arti?cial lung is 
not exposed to the light in order to prevent irradiation of the 
blood. 

The light source may provide a particular Wavelength of 
light depending upon the catalyst used. When tungstate 
(W03) is used as a light activated catalyst, the light source 
exposes visible light in order to activate W03. When TiO2 or 
ZnO is used as a light activated catalyst, the light source used 
has a Wavelength in the UV range. 

Preferably, the light source used in the photolytic arti?cial 
lung is a laser light. The Wavelength of laser light can be 
manipulated in order to attain a higher ef?ciency in exciting 
the light activated catalyst and forming active oxygen. Also, 
laser light alloWs the photolytic arti?cial lung to dissipate less 
overall heat. The laser light can be directed in a small area to 
energize the light activated catalyst and avoid contact or irra 
diation With other components of the photolytic arti?cial 
lung. A particularly preferred laser light that can be used to 
activate TiO2 is an argon laser at 364 nm (400 mWatts/cm2), 
Which has a total poWer of about 2 Watts, although other UV 
sources, including an HG arc lamp at 365 nm line, are also 
available. 

It is preferred that the light from the light source be evenly 
spread Within the photolytic cell. The even spreading of the 
light from the light source alloWs for maximal excitation of 
the catalyst in order to convert more Water into either active 
oxygen or dissolved oxygen. Along these lines, light from the 
light source can enter the photolytic cell through the trans 
parent WindoW from many positions. Light from the light 
source can enter directly through the transparent WindoW and 
come into contact With the catalyst. Alternatively, light can 
enter the transparent WindoW from a side, back, bottom, or 
corner position and move through the transparent WindoW by 
a Wave guide to provide photon energy and excite the light 
activated catalyst. Side entry of light into the transparent 
WindoW of the photolytic cell occurs at about at least a 680 
angle. Preferably, side entry of light into the transparent Win 
doW occurs at an angle of from about 70° to about 80°. 

10. Pump 
Aperistaltic pump or some other simple pump drives blood 

through the photolytic arti?cial lung. The pump draWs venous 
deoxygenated blood from a patient and moves the blood 
through the photolytic arti?cial lung. Preferably, the pho 
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20 
tolytic arti?cial lung only requires a pump to draW blood from 
a patient, as the How produced by the pump draWing blood 
from the patient also moves the blood through the photolytic 
cell for oxygenation and back into the patient. 

11. Sensors Monitoring Reaction Chemistry 
The photolytic arti?cial lung can include one or more sen 

sors that monitor the different chemical reactions occurring 
Within the photolytic cell. The sensors can be used to measure 
for potential toxins and toxin levels. Various sensors and 
sensor systems can be used including visual observations of 
color changes of redox indicator dyes or gas bubble forma 
tion, closed electrical current measurements and pH measure 
ments, and dissolved oxygen probe analysis. Gas chromatog 
raphy assays can also be performed. A dissolved oxygen 
probe can be used to test and monitor 02 generation, as 
dissolved oxygen, in real time. Also, the photolytic arti?cial 
lung can incorporate one or more portals to insert a dissolved 
oxygen probe, CO2 probe, pH monitor, etc. in different loca 
tions if necessary. The photolytic arti?cial lung can also 
incorporate separate sampling chambers to trap gas bubbles 
for testing. These sampling chambers could also incorporate 
a device, such as a septum for a hypodermic needle for 
instance, to obtain a sample for further testing. One skilled in 
the art Would recognize numerous sensors could be used for 
monitoring the reaction chemistries occurring Within the pho 
tolytic cell. 
The photolytic device and photolytic cell can also include 

one or more process regulator devices that respond to the 
readings provided by the sensors. The process regulator 
devices increase or decrease the amount of dissolved oxygen 
or CO2 output, loWer toxin levels, etc., depending on the 
requirements of the patient or of the photolytic cell. It is 
Within the purvieW of one utilizing the photolytic arti?cial 
lung to determine What process regulator devices are 
required. 

All of the seals in the photolytic arti?cial lung are made of 
an inert material that properly seals blood ?oWing through the 
photolytic arti?cial lung from accidental contamination. The 
seals of the photolytic lung should also be formed of a mate 
rial that does not interact With the blood. Preferably, the seals 
are formed of a silicone-based material. 

Laminar How is minimized Within the photolytic arti?cial 
lung. Minimization of laminar How is accomplished by using 
current commercial cells, such as electrodialysis, electro 
deionization, etc. Commercially available cells accommo 
date electrodes, membranes, and thin liquid chambers with 
How distributors, and provide good seals and corrosion resis 
tance. The cells are available in lab scale units for process 
development Work. A particularly preferred commercial cell 
is the FMOl-LC device from lCl Chemicals and Polymers, 
Electrochemical Technology, Cheshire, UK. 
Multiple Photolytic Cells 

Preferably, the photolytic arti?cial lung uses a plurality of 
photolytic cells in a stacked formation. The plurality of pho 
tolytic cells receives blood ?oW from the venous circulation 
and is exposed to photo-activation via a directed laser light 
source. The stacking of a plurality of photolytic cells alloWs 
for a large overall surface area for blood to receive maximal 
exposure to dissolved oxygen. Also, stacking a plurality of 
photolytic cells alloWs the overall photolytic arti?cial lung to 
achieve a smaller size, thereby alloWing the photolytic arti? 
cial lung to be miniaturized. 

Moreover, it has been found that one is able to control 
material properties of the photolytic surface, resulting in an 
expression of the maximal rate by Which dissolved oxygen is 
increased (or carbon dioxide decreased) as a function of reac 
tion surface area and laser poWer. If desired one can use the 
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materials described herein to create a photolytic chamber, 
Which incorporates optimal reaction kinetics and ?uid 
mechanical modeling of blood How in relation to the pho 
tolytic surface. The selected materials can be used in selecting 
the boundary conditions for the full chamber, emulating the 
fundamental relationship betWeen the alveolar surface and 
the pulmonary capillary. 

The folloWing examples are for the purposes of further 
illustrating photoactive layers for Whole blood oxygenation 
in accordance With the present disclosure. The examples are 
merely illustrative and are not intended to limit photoactive 
layers in accordance With the disclosure to the materials, 
conditions, or process parameters set forth therein. All parts 
are percentages by volume unless otherWise indicated. 

EXAMPLES 

Example 1 

This example illustrates the fabrication of photoactive lay 
ers. Oxide materials Were added to a substrate using a spin 
coating technique. Glass slides containing the conducting 
layer Were placed on a vacuum. For the TiO2 coating, 0.5 g of 
the acid treated material Was added to 40 ml isopropanol and 
mixed for 30 minutes. 0.050 ml H20 and 0.100 ml titanium 
(IV) tetra(isopropoxide) (TTIP), a sol-gel reagent, Was added 
to this solution. After mixing for 30 minutes, the solution Was 
added drop-Wise to the rotating substrate for a total volume of 
about 12 ml. In the case of the constructs containing MnO2, 
folloWing the addition of 9 ml of TiO2 slurry, 0.20 g MnO2 
Was added to the remaining slurry. Exactly four ml of the 
resulting solution Was then added drop -Wise to the substrate at 
spin coating conditions. As a modi?cation of this technique, 
RuOz/Pt doped TiO2 (0.125 g) Was added to 10 ml isopro 
panol. After 15 minutes of mixing, 50 uL Water and 25 uL 
TTIP Was added and alloWed to mix for an additional 15 
minutes. The solution Was then added drop-Wise to the sub 
strate for a total volume of 9 ml. The sol-gel coated samples 
Were all alloWed to air dry at room temperature overnight. 
They Were then placed in a preheated tube fumace and heated 
for 45 minutes at elevated temperature under a 1 L/min. How 
of nitrogen. Samples containing conducting layers of Ti or 
indium tin oxide Were heated at 350° C., While samples con 
taining Ni or Cr (metallic conducting ?lms) Were heated at 
209° C. 

Example 2 

In addition to batch cells, a ?oW-through test cell Was 
constructed to associate ?oWing liquids (such as blood) With 
photolytic output. A modi?ed FMOl-LC Electrolyser, oper 
ating in a divided cell mode With a Na?onTM cation exchange 
membrane Was used. The anode Was optically transparent, 
and illumination Was achieved side-on by UV light (354 nm) 
using a ?lter and UVA ?ber optic lamp source. The catholyte 
Was Locke’s-Ringer solution, and the anolyte fresh Whole 
bovine blood containing anticoagulant. The photolytic sur 
face Was TiO2 on a quartz plate. Fluids Were maintained at 37° 
C. using an in-line heat exchange jacket, and How Was 80 
cc/min by a peristaltic pump. The ?oW-through cell consisted 
of a 3 ml photolytic chamber, With a single active surface of 
vacuum deposited Ti metal, a coating of TiO2 (anatase) and 
optionally a MnO2 layer. These ?lms Were prepared as 
described above for the batch test ?lms, except on larger glass 
and quartZ substrates (effective area ~5 in2). The uncoated 
glass/quartZ side of the plates Was illuminated by ?ltered UV 
light. 
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22 
Data collected Were pH, electrical current, dissolved oxy 

gen (DO), p02, pCO2, S02, and oxyhemoglobin as a function 
of laser irradiation and the presence or absence of bias volt 
age. 

Example 3 

This example illustrates real-time measurement of dis 
solved oxygen (DO): A liquid phase in line reaction chamber 
Was used to monitor dissolved oxygen production. This 
device utiliZed a Clark Electrode to measure dissolved oxy 
gen (DO). A tWo-point calibration procedure Was used to 
calibrate the dissolved oxygen sensor. Dasse K A, MonZyk B 
F, Burckle E C, Busch J R, Gilbert R 1., Development of a 
photolytic arti?cial lung: Preliminary concept validation, 
ASAIO Journal, 48:556-563, 2003. A loW bias voltage Was 
applied to the cell through a DC poWer source, suf?cient to 
insure proper anode-to-cathode electron ?oW direction, to 
promote immediate removal of photo-generated electrons, 
but insu?icient to drive electrochemical side reactions, as 
evidenced by the lack of current How in the absence of illu 
mination. Dasse KA, MonZyk B F, Burckle E C, Busch J R, 
Gilbert R 1., Development of a photolytic artificial lung: 
Preliminary concept validation, In press, ASAIO Journal, 
2003 . Electrical current Was measured With a high-impedance 
VOM multimeter. The light Was directed to the reaction 
chamber through a liquid light pipe, and ?ltered to produce 
light of only 365 nm; the intensity at this Wavelength Was 88.1 
mW/cm2 at the exit point of the light pipe. It Would be 
preferred to make measurements to record actual photon ?ux 
impinging on the photolytic surface as substantial light losses 
occur at this interface. Heating of the solution during illumi 
nation Was prevented by use of a light ?lter at the 365 nm 
Wavelength light that is ef?ciently absorbed by the anatase 
?lm. A Water-jacketed surrounding the reaction chamber Was 
used to maintain a physiologically signi?cant and constant 
360 C. throughout the experiments. 

Example 4 

This example illustrates the measurement of blood gas 
parameters. Conventional blood gas analyses Were made 
using a blood gas analyZer. Precise volumes of blood samples 
(~0.25 ml) Were WithdraWn at speci?c times by needle ?tted 
syringe from an in-line septum access port and analyZed 
using the NPT7 Blood-Gas AnalyZer (Radiometer, Inc). This 
instrument gives readout of concentration measurements of 
total hemoglobin, oxyhemoglobin, deoxyhemoglobin, meth 
emoglobin, partial pressure of O2, partial pressure of CO2, 
S02, and pH. As described above, a Clark electrode Was also 
used to monitor for total dissolved oxygen (D0) in real time, 
thus comprising an independent veri?cation and measure 
ment of this key parameter. 

Filtered UV illumination of the metal oxide light-absorb 
ing surface opposite the blood in the ?oW-through cell 
described above resulted in near complete oxygen saturation 
of the blood circulating on the opposite side of the photolyZed 
surface (see FIG. 2). The fraction of oxyhemoglobin (repre 
sented in the FIG. 2 as FOZHb) rapidly increased from 83% to 
92% and remained stable throughout the trial period. The 
extent to Which dissolved oxygen is dissolved in the serum 
phase of the blood, represented as a percentage, is depicted by 
the term S02, or “soluble 02.” by the blood gas instrument. 
S02 is that portion of the total 02 resident in the blood that is 
normally supplied through the alveolar membrane/pulmo 
nary capillary Wall interface, and is equal to 100*(DO/ 
DOmax), Where D0 is the amount of dissolved oxygen, and 








